Abstract Electrogeneration of hydrogen peroxide (H 2 O 2 ) has potential application in advanced oxidation processes. Amorphous carbon is well known as catalyst for oxygen reduction reaction (ORR) through two-electron pathway. However, modification of the carbon can improve its selectivity for the H 2 O 2 electrogeneration. In the present study, we investigated the properties of ZrO 2 nanoparticles supported on carbon black (Printex L6) as electrocatalyst for H 2 O 2 production in acidic medium. The catalytic activity of ZrO 2 /C for oxygen reduction to H 2 O 2 is higher than the catalytic activity of treated carbon black. The highest selectivity of the ZrO 2 /C catalyst for H 2 O 2 production is attributable to the presence of oxygenated functional groups on its surface and consequently increase of the surface hydrophilicity in comparison with treated carbon black. This surface effect leads to highest H 2 O 2 electrogeneration, which is shown as a high current efficiency (I(H 2 O 2 )%). In fact, increased H 2 O 2 yields from 74.5 to 84.2% were observed for the treated carbon black and ZrO 2 /C catalysts, respectively, whereas the I(H 2 O 2 )% for the unmodified carbon black was 65.3%. Furthermore, the modification of carbon by ZrO 2 nanoparticles shifted the ORR half-wave potential towards ca. 137 mV, indicating lower energy consumption for producing H 2 O 2 . Thus, the ZrO 2 /C nanoparticles are shown to be promising electrocatalysts for environmental applications.
Introduction
Hydrogen peroxide is a green oxidant that is widely used to produce hydroxyl radicals by advanced oxidation process (AOP) for environmental applications. Under acid conditions, H 2 O 2 can be produced in situ through oxygen reduction reaction (ORR) using gas diffusion electrodes (GDE) [1] . In general, this reaction is likely to occurs via two paths depending on the electrode material [2, 3] , i.e. synthesis of water or H 2 O 2 molecules involving four-or two-electron transfer mechanisms, respectively. In alkaline solutions, the ORR through two-electron pathway produces hydroperoxide ion (HO 2 the H 2 O 2 electrogeneration [10] . Furthermore, since ZrO 2 is a stable oxide in acidic media, it can be used in Fenton process.
As reported by Mittermeier et al. [11] , the ORR activity of ZrO 2 -based carbon-supported nanoparticles is not conclusively described in literature. The catalytic activity of this oxide depends on the morphological and structural proprieties consequently on the synthesis method. Mittermeier et al. [11] studied the interplay of Zr, N and C species vs. the applied heat-treatment procedure. ZrOPc (precursor containing Zr and N) supported on Ketjenblack (ZrOPc/KB) and KB substrate exhibit high H 2 O 2 yields in alkaline electrolyte. However, in acid solution, the ORR activity is much smaller for the ZrOPc/ KB catalyst and negligible for the KB reference material.
Ota et al. [12] investigated Zr-based materials as cathode of a direct methanol fuel cell (DMFC) without platinum in order to improve the stability of non-noble-metal ORR electrocatalysts in acidic medium. According to the authors, the sub-oxide of zirconia, ZrO 2-x , shows good activity for the ORR through four-electron pathway. Thus, ZrO 2-x could be a good cathode material for DMFCs.
Iwazaki et al. [13] compared the catalytic activity of carbonized silk fibroin with those of activated carbons. The activation of the carbon substrate promotes the ORR through 3.5 electrons transfer. However, the addition of ZrO 2 at 20 wt% improves the oxygen reduction to H 2 O through 3.9 electrons transfer.
As reported previously [14, 15] , low amount of metal oxide tends to promote the oxygen reduction through two-electron pathway whereas higher amount tends to promote the ORR through four-electron pathway. Therefore, in the present study, we investigated the properties of ZrO 2 nanoparticles (5.0 wt%) supported on carbon black as an electrocatalyst for producing H 2 O 2 in acid medium.
Experimental
Preparation of ZrO 2 /C Nanoparticles ZrO 2 supported onto carbon black (Printex L6 carbon, Evonik Co.) was synthesized by thermal decomposition of a polymeric precursor solution [16] containing zirconium carbonate [(ZrO 2 ) 2 .CO 2 , Alfa Aesar] as a salt precursor. In a typical experiment, (ZrO 2 ) 2 .CO 2 was added to a citric acid:ethylene glycol suspension at a molar ratio of 1:10:40, respectively. The mixture was continuously stirred by a magnetic stirrer for 60 min at 60°C. Carbon black was then added slowly to this mixture. The resulting dispersion was heated in air at a rate of 3°C min −1 and treated at 500°C for 30 min. The final Zr concentration in the catalyst was 5.0% (w/w). The carbon matrix was also treated following the same procedure but without adding the (ZrO 2 ) 2 .CO 2 precursor at the first step.
Physical-Chemical Characterizations
Morphological and chemical characterizations were performed by X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and contact angle (θ) measurements. XRD was conducted on a Rigaku diffractometer operating with CuK α radiation source (λ = 1.54056 Å) at 40 kV and 80 mA. Crystalline phases were identified by comparison with standard XRD patterns available at International Center for Diffraction Data (Joint Committee on Powder Diffraction Standards-JCPDS). TEM images were registered with a JEOL JEM-2100 transmission electron microscope running at 200 kV. XPS spectra were measured at a pressure lower than 10 −7 Pa using a UNI-SPECS UHV spectrometer equipped with an MgK α X-ray source (hν = 1253.6 eV) and analyser pass energy set at 10 eV. The inelastic background of C (1s), O (1s) and Zr (3d) electron core-level spectra was subtracted using Shirley's method. The spectra were fitted without constraints using multiple Voigt profiles. Contact angle (θ) was determined on an angle meter (Attension Theta) by dropping a water droplet (3 μL) onto the catalyst surface.
Electrochemical Characterization
Electrochemical measurements were initially performed on a potentiostat/galvanostat Autolab PGSTAT 128 N (Metrohm) equipped with a rotating ring-disc electrode system (Pine Instruments). The working electrode was prepared by dispersing 1 mg of catalyst into 1 mL of water under sonication for 30 min, as described by Paulus et al. [17] . Then, an aliquot suspension of 20 μL was carefully dropped onto the glassy carbon electrode disc of the RRDE (5.6 mm diameter). The resulting microlayer was slowly dried in air. All electrochemical studies were carried out on a conventional electrochemical cell using Ag/AgCl ( . Linear sweep voltammetric (LSV) curves were recorded in N 2 and O 2 -saturated solution. The disc electrode potential was scanned at a rate of 5 mV s −1 while the ring electrode potential was kept at constant value of +1.0 V in order to measure the anodic current equivalent to the H 2 O 2 molecules produced at the disc electrode surface. RRDE measurements were performed at rotation speeds ranging from 100 to 2500 rpm. Carbon black and commercial Pt/C (20 wt.% on Vulcan XC-72 carbon-E-TEK) were used as reference materials for two-and fourelectron pathways, respectively. All LSVs presented in this work were corrected by subtracting the current background, which was registered in N 2 -saturated solution.
SECM Measurements
SECM experiments were conducted on a Sensolytics SECM workstation (Sensolytics) instrument with High-Res option. The equipment was coupled to an Autolab PGSTAT 128N (Metrohm) bipotentiostat. The SECM tip was a 20-μm-width Pt disc-shaped microelectrode characterized by an insulating glass sheath radius (rg) to active Pt electrode radius (a) ratio, known as RG (RG = rg/a), of approximately 10. The microelectrode was fabricated using a P-97 Flaming/Brown Micropipette Puller (Sutter Instrument Company). SG/TG experiments were carried out with a tip to substrate distance of 60 μm. This relatively large distance enabled the substrate surface to be scanned by the tip at a constant height without the risk of tip crashing. This experimental condition also allowed high data acquisition efficiency due to the intrinsic characteristics of the SG/TC SECM setup (high mass transport at the microelectrode and confinement of material produced onto the substrate). The tip was positioned using H + as a redox mediator [18] . In order to increase the tip response and stability, the microelectrode surface was modified by platinum deposition in accordance with the procedure described by Schuhmann et al. [19] .
Results and Discussion

XRD, TEM and XPS Analyses
Powder XRD patterns of the treated carbon black and ZrO 2 /C catalysts are presented in Fig. 1 . The peaks at 30.1°, 34.9°, 50.2°and 59.7°of 2θ shown in the XRD pattern of ZrO 2 /C (Fig. 1A) correspond to the (111), (200), (220) and (311) planes of ZrO 2 cubic phase (JCPDS#89-9060) (Fig. 1C) . The broad reflections seen at approximately 24.7°and 43.5°o f 2θ are ascribed to the amorphous carbon matrix phase (Fig. 1B) [5] . Figure 2A shows a representative TEM image of the ZrO 2 / C catalyst. It can be observed that the ZrO 2 nanoparticles are uniformly distributed within the carbon support. The average size obtained from 100 randomly selected nanoparticles was 2.6 ± 0.3 nm (Fig. 2B) . The selected area electron diffraction (SAED) pattern reveals a typical polycrystalline profile (Fig. 2C) . The interplanar distances of 2.96, 2.57 and 1.81 Å correspond to the (111), (200) and (220) planes, respectively, of the ZrO 2 phase (JCPDS#89-9060). These results are in close agreement with the XRD data.
The local bonding structure of the ZrO 2 /C catalyst was investigated through analysis of the C (1s), O (1s) and Zr (3d) core-level XPS spectra. The fitted high-resolution C (1s) XPS spectrum of ZrO 2 /C (Fig. 3a) can be deconvoluted into five sub-peaks, which corresponded to sp 2 C-C bonds at 284. The presence of oxygenated functional groups on the ZrO 2 /C surface promotes electron transfer, thereby enhancing the ZrO 2 /C catalytic activity on oxygen reduction [21, 22] .
The O (1s) XPS spectrum of ZrO 2 /C (Fig. 3b ) can be attributed to carbonyl groups (C=O) at 532.3 eV, alcohols groups (C-O) at 533.1 eV and carboxyl groups (O-C=O) at 533.8 eV [20] . This confirms the presence of the oxygenated groups previously identified in the C (1s) spectrum. A small peak at 530.8 eV is related to O-Zr bonds [20] of ZrO 2 nanoparticles embedded within the carbon substrate. Another possible chemical bond at ca. 532.8 eV can be attributed to Zr-OH that overlaps with the carbonyl groups peak. The weak high-energy component at 535.0 eV corresponds to water molecules adsorbed onto the ZrO 2 /C nanoparticle surface. Figure 4 shows the Zr (3d) spin-orbit XPS spectrum (3d 5/2 and 3d 3/2 ) of the ZrO 2 /C catalyst. The Zr 3d 5/2 peak position at 185.5 eV corresponds to ZrO 2 phase, even though it is slightly shifted towards higher binding energies. This may suggest the presence of zirconium hydroxide on the catalyst surface [20] .
CV and LSV Analysis
Electrochemical properties of treated carbon black and ZrO 2 /C catalysts were first examined by CV experiments recorded between +0.6 and −0.6 V at a scan rate of 10 mV s −1 . Figure 5 displays the cyclic voltammograms recorded in nitrogen-(dash) and oxygen-saturated (solid) 0.1 mol L −1 K 2 SO 4 solution at pH 2. In N 2 -saturated solution, the voltammetric behaviour of treated carbon black was characterized by absence of peaks throughout the applied potential range. On the other hand, the ZrO 2 /C catalyst showed a broad peak from +0.4 to 0.0 V, which may be attributed to the presence of oxygenated functional groups on its surface [23] . In O 2 -saturated solution, the treated carbon black showed one cathodic peak at ca. -0.39 V which may be ascribed to oxygen reduction activity on its surface. The ORR peak potential of the ZrO 2 /C catalyst, at ca. -0.20 V, was less negative than that of carbon black, suggesting higher electrocatalytic activity to oxygen reduction at lower overpotential. In order to investigate the catalytic effect of ZrO 2 /C on the ORR, the electrochemical behaviour of electrodes widely used for oxygen reduction through two-electron (carbon black-Printex L6) and four-electron (Pt/C-E-TEK, 20% wt.) transfer was studied using rotating ring-disc electrode. In this system, the current values recorded at the disc electrode (I d ) refer to ORR while the current determined at the ring electrode (I r ) refer to H 2 O 2 electrogeneration from ORR. Fig. S1A-B shows the linear sweep voltammograms obtained in 0.1 mol L −1 K 2 SO 4 solution (pH 2) at different rotation speeds for the treated carbon black and Pt/C. The polarization curves exhibited a typical profile in which the reduction current densities increases with increasing rotation speed due to shortened diffusion lengths at high speeds [24] . Furthermore, the disc currents are successively controlled by kinetic (charge transfer), mixed and diffusion control (O 2 mass transport) [25] .
As shown in Fig. S1A , the ring currents for treated carbon black increased gradually with increasing negative potential, indicating reduction of oxygen into H 2 O 2 [26] . It is known that ORR on Pt/C electrode proceeds through a four-electron pathway [17] , and this was confirmed by the RRDE measurements obtained in the present study (Fig. S1B) . LSVs recorded within the potential range from +1.0 to −0.2 V showed that the ring currents are negligible, thus confirming reduction of oxygen to H 2 O. Figure 6a displays LSVs of carbon black, treated carbon black and ZrO 2 /C catalysts recorded in 0.1 mol L −1 K 2 SO 4 solution (pH 2) at rotation rate of 900 rpm. The treatment of carbon enhanced its selectivity for H 2 O 2 electrogeneration. As reported previously by our group [22] , the high ORR activity of treated carbon is ascribed to the increase in oxygen-containing functional groups onto the carbon surface by polymeric precursor method. The polarization curve of the ZrO 2 /C catalyst showed higher ring currents than those obtained with the treated carbon black, indicating larger H 2 O 2 electrogeneration. Furthermore, the modification of carbon by ZrO 2 nanoparticles deposition led to a positive shift of the halfwave potential of ca. 137 mV, which is supported by the CVs profile in O 2 -saturated solution (Fig. 5) . This shift in ORR potential enables oxygen reduction with lower energy consumption.
Koutecky-Levich plots for treated carbon black, Pt/C and ZrO 2 /C catalysts are shown in Fig. 6b . The linearity and parallelism of the fitting lines for treated carbon and ZrO 2 /C indicated similar electron transfer number for oxygen reduction and first-order kinetics reaction [27] . Extrapolation of the Koutecky-Levich plots revealed non-zero intercepts, suggesting that the oxygen reduction occurs under mixed control [25] .
Quantitative analysis of hydrogen peroxide production (I(H 2 O 2 )%) and electron transfer number (n t ) were determined by the following equations [17] :
where N is the current collection efficiency of the Pt ring (N = 0.37) polarized at +1.0 V to the H 2 O 2 detection. The H 2 O 2 electrogeneration on the treated carbon black and ZrO 2 /C catalysts were 74.5 and 84.2%, respectively. [22] The electron transfer number of these catalysts was similar, i.e. 2.3 for ZrO 2 /C versus 2.5 for treated carbon black. This value is consistent with results obtained from KouteckyLevich plots based on RRDE voltammograms. For the unmodified carbon black, the I(H 2 O 2 )% was 65.3%, while the n t was 2.7. Additionally, the values obtained using Pt/C confirmed that this catalyst promotes ORR through the fourelectron pathway, i.e. displaying a n t value of 3.9.
SECM Analysis
In order to examine the substrate potential influence on the ORR and to confirm the ZrO 2 /C selectivity for H 2 O 2 production, SECM SG/TC experiments were carried out in 0.1 mol L −1 K 2 SO 4 solution (pH 2). With the tip positioned 60 μm above the substrate and held the potential at +1.0 V to oxidize any H 2 O 2 molecule produced, the substrate potential was swept between +0.2 to −0.8 V in a LSV experiment, while both tip and substrate currents were recorded. Treated carbon black and ZrO 2 /C were used as substrates for the ORR process. According to the SG/TC experiments (Fig. 7) , the electrocatalytic activities of both catalysts towards the ORR were almost the same (I subst. ), although the ZrO 2 /C showed a slightly lower overpotential. Regarding the selectivity for H 2 O 2 production, the ZrO 2 /C-modified substrate presented a higher current at the tip (I tip ) in the region of mixed control, i.e. from ca. -0.10 to ca. -0.55 V, confirming the higher selectivity of ZrO 2 /C towards ORR involving two-electron transfer. The increase in substrate reduction current values at potentials more negative than −0.6 V refers to hydrogen evolution reaction in the acidic electrolyte solution.
Contact Angle
Finally, the wettability of the treated carbon black and ZrO 2 /C surfaces was examined by the water droplet contact angle, which is geometrically defined as the angle formed by a liquid at the solid-liquid-gas interface (Fig. 8.) As shown in Fig. 8 , the contact angle decreased from ca. 42°to 24°after modifying the carbon with ZrO 2 nanoparticles. Thus, the presence of ZrO 2 on the carbon surface increases the carbon wettability and consequently the hydrophilicity of the catalyst surface. Moreover, the improved hydrophilic property can be attributed to the presence of oxygenated functional groups onto the ZrO 2 /C surface (Fig. 3) [28] , which are present in an amount higher than that of treated carbon, as earlier reported by our group [22] . This effect leads to the high selectivity of the ZrO 2 /C catalyst for H 2 O 2 electrogeneration.
Conclusions
ZrO 2 nanoparticles deposited on carbon black were prepared by a polymeric precursor method. The catalytic activity of ZrO 2 /C for oxygen reduction to H 2 O 2 is higher than the catalytic activity of treated carbon black. The highest selectivity of the ZrO 2 /C catalyst for H 2 O 2 production is attributable to the increase in the surface hydrophilicity in comparison with treated carbon black. Furthermore, the presence of ZrO 2 on carbon shifts the ORR overpotential towards ca. 137 mV, indicating lower energy consumption for producing H 2 O 2 . Therefore, ZrO 2 /C catalysts can be efficiently used for in situ H 2 O 2 production in gas diffusion electrode, thus in advanced oxidation processes. 
